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EDSUMMARY
While the transcriptional machinery has been exten-
sively dissected at the molecular level, little is known
about regulation of chromosomal organization in the
three-dimensional space of the nucleus to achieve
integrated transcriptional responses to diverse sig-
naling events. Here, we report that ligand induces
rapid interchromosomal interactions among subsets
of estrogen receptor a-bound transcription units,
with a dramatic reorganization of nuclear territories
requiring nuclear actin/myosin-I transport machin-
ery, dynein light chain 1 (DLC1), and a specific subset
of transcriptional coactivators and chromatin remod-
eling complexes. We establish a requirement for the
histone lysine demethylase, LSD1, in directing spe-
cific interchromosomal interaction loci to distinct in-
terchromatin granules, long thought to be ‘‘storage’’
sites for splicing machinery, and demonstrate that
these three-dimensional motor-dependent interac-
tions are required to achieve enhanced transcription
of specific estrogen-receptor target genes. These
findings reveal roles for the modulation of nuclear
architecture in orchestrating regulated gene-expres-
sion programs in the mammalian nucleus.
INTRODUCTION
The nuclear receptor (NR) superfamily of transcriptional regula-
tors plays a central role in developmental homeostasis and
disease processes, and has been extensively studied as a model
to identify molecular mechanisms for precise spatial and tempo-
ral control of gene expression (Dennis and O’Malley, 2005;
Rosenfeld et al., 2006). Intensive investigation in this area has
established a clear role of coactivator/corepressor exchange in
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is based solely on diffusion, or involves a more active mecha-
nism(s), remains an unsolved issue. The genome-wide identifica-
tion of DNA-binding sites for nuclear receptors, such as estrogen
receptor (ERa), revealed that ERa binds to both gene promoters
and many remote intergenic sites, only a few of which have
clearly been established to function as enhancers in vivo (Carroll
et al., 2005, 2006; Cawley et al., 2004). These data raise the
general question as to whether and how some of these remote
binding sites might communicate with their putative target genes
via long-distance intrachromosomal or even interchromosomal
interactions.
While the architectural organization of the nucleus is still poorly
understood, several nuclear structures have been characterized,
including nuclear lamina, nucleoli, promyelocytic leukemia bod-
ies, Cajal bodies, nuclear speckles, etc. (Handwerger and Gall,
2006; Lamond and Spector, 2003). These morphologically and
compositionally distinct nuclear structures coexist with individ-
ual chromosomes, which are known to occupy distinct regions,
often referred to as chromosomal territories, in the nucleus.
However, except for the nucleolus, little is known of how various
nuclear domains arise and influence gene expression.
Repartitioning of active genes has been suggested for Hox
genes in ES cells (Chambeyron and Bickmore, 2004), IgH in
b lymphocytes (Kosak et al., 2002), c-maf in T cells (Hewitt
et al., 2004), Mash1 in neuronal cells (Williams et al., 2006), and
Cftr in adenocarcinoma cells (Zink et al., 2004). A key issue
here is whether these active gene loci are looped out of their
nuclear territories to engage in long-distance interactions with
other active genes or regulatory loci. Many recent studies have
now documented interchromosomal interactions critical for reg-
ulated gene expression in interphase nuclei: The IFNg gene in
chromosome (chr) 10 was demonstrated to interact with the reg-
ulatory regions of the TH2 cytokine locus in chr 11 in developing
T cells (Spilianakis et al., 2005). Promoters for specific olfactory
receptors were shown to interact with a proposed enhancer in
a mutually exclusive manner, providing a model for selective
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activation of a single odorant receptor-encoding gene (Lomvar-
das et al., 2006). Shifts in looping and long-distance intra- and
interchromosomal interactions were also found to explain the
coordinated regulation of the two imprinted genes Igf2 and
H19 (Murrell et al., 2004; Zhao et al., 2006), which involves, at
least in part, the action of CTCF (Ling et al., 2006). Thus, a major
issue is whether a potentially dynamic system, including inter-
chromosomal interactions, operates to provide coordinated
control for regulated gene expression, such as those mediated
by liganded nuclear receptors in mammalian cells.
Here, we report that, in addition to interactions between mul-
tiple ERa-binding sites within the same chromosome, there is
a rapid and specific 17b-estradiol (E2)-induced interaction be-
tween loci located in different chromosomes in mammalian cells,
which has permitted the elucidation of a ligand-induced, actin/
motor-dependent reorganization of nuclear territories. This net-
work interaction is rapid and depends upon the recruitment of
a subset of ERa coactivators and specific components of chro-
matin-remodeling complexes, including nuclear dynein light
chain 1 (DLC1) and dynamic assembly of nuclear motors involv-
ing G-actin, nuclear myosin-1, and actin-associated proteins that
cause branching, together permitting facilitated assembly of
ERa-bound loci. In a second step, these hubs exhibit LSD1-de-
pendent interactions with interchromatin granules, also referred
to as nuclear speckles that harbor key factors for transcriptional
elongation and pre-mRNA splicing. Our findings provide a general
organizational principle of regulated interchromosomal interac-
tions, and a model for coordinated regulation of specific gene
transcription in the nucleus, that we suggest may be widely
used for integrated gene-expression programs.
RESULTS
Identification of Estrogen-Induced Interchromosomal
Interactions
With the intent of determining whether ligands for nuclear recep-
tors induce interchromosomal interactions critical for specific
programs of gene expression, we devised an initial, open-ended,
survey approach by coupling the chromosome conformation
capture (3C) assay (Dekker et al., 2002) with the ChIP-DSL strat-
egy that we recently developed for large-scale promoter array
and tiling-array analyses (Kwon et al., 2007), a method we refer
to as deconvolution of DNA interaction by DSL or the 3D assay.
Because our interest was to first utilize this method to identify
candidate regions of interchromosomal interactions, whether
or not markedly dependent on E2, we conducted all initial exper-
iments in cells treated with E2 for 60 min. As diagrammed in
Figure 1A, we prepared E2-stimulated MCF7 breast cancer cells
according to the established 3C protocol by in situ restriction di-
gestion followed by DNA ligation under an extreme dilution con-
dition, with a parallel reaction without DNA ligase as a negative
control. We used a biotinylated oligonucleotide to capture spe-
cific DNA fragment under investigation.
In pilot experiments, all DSL oligonucleotide pairs targeting in-
dividual genomic blocks in a 1.4 Mb tiled path surrounding the
ERa-regulated TFF1 gene in chr 21 were included during the an-
nealing step to detect potential cocaptured genomic DNA as
a result of DNA ligation during 3C (Figure S1A). The paired oligo-
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ized to the corresponding tiling array. The analysis of these
data (Figure S1A) revealed a series of anticipated intrachromo-
somal interactions, which were confirmed by the conventional
3C assay (Figure S1B). We utilized a quantum dot (Q-dot)-based
fluorescence in situ hybridization (FISH) approach (Cai and
Kohwi-Shigematsu, 1999) to confirm a series of E2-dependent
interactions predicted by 3D (Figure S2). We note that the basal
distance between loci exhibits a wide variance between cells,
consistent with the fluidity of basal and E2-induced changes in
chromatin structure in this interval.
We included in the 3D experiment a set of six intervals on six
different chromosomes, one of which encompassed GREB1,
a well-characterized ERa-inducible gene located in chr 2 (Ghosh
et al., 2000; Kwon et al., 2007). When the 3D capture experi-
ments, based on selection of TFF1 interactants in E2-treated
MCF7 cells, were analyzed, we detected two clusters of signifi-
cant signals coincident with an enhancer and promoter in the
GREB1 gene (Figure 1B), while the other five tiled genomic
regions, representing five distinct chromosomes, showed no
signals, two of which are illustrated (Figure 1B). This finding
suggests that the GREB1 gene was a candidate for engaging
in interchromosomal interactions with TFF1, and this was con-
firmed by 3C and shown to be inducible by E2 (Figure 1C).
Because the TFF1 and GREB1 genes reside in chr 21 and 2,
respectively, FISH analysis was used to provide an independent
approach to visualize these putative hormone-dependent inter-
chromosomal interactions. The two genes were independently
localized in the nuclei of mock-treated MCF7 cells, but after
45 min of E2 stimulation, the two genes became colocalized
as revealed by FISH (Figure 1D). With simultaneous chromo-
somal painting, we observed the two chromosomes ‘‘kissing’’
in a large percentage of E2-induced cells, instead of occupying
four well-separated nuclear territories in uninduced cells
(Figure 1D). Using 3D FISH, we obtained data in which both al-
leles interact, shown as a deconvolved Z stack of control ver-
sus E2-treated cells (Figure 1E). Interestingly, we did not detect
any chr 2:chr 2 or chr 21:chr 21 pairing in response to E2, sug-
gesting specificity in chromosomal repartitioning as part of the
nuclear reorganization program in response to the hormone
signal.
In our analysis, about half of the cells exhibited monoallelic in-
teractions, while the other half exhibited biallelic interactions
(Figure 1F). Here, we independently plotted cell numbers exhib-
iting mono- and biallelic interactions using the boxplot program,
which automatically divides data into quartiles. In the subse-
quent figures we display only the biallelic interaction data for
clarity, but the full measurements are shown in the supplement
(Figures S8 and S9). Indeed, monoallelic interactions have
been observed in other studies of interchromosomal interactions
(Cook, 1998; Lomvardas et al., 2006; Paixao et al., 2007). While
many explanations are plausible for the appearance of monoal-
lelic interchromosomal interactions based on the data presented
later in this manuscript, we favor the possibility that both alleles
are transcriptionally active and responsive to E2, but at a particu-
lar moment in time when the ‘‘snapshot’’ of interactions is taken,
a significant percent of competent alleles are not interacting.
Finally, we used FISH to confirm that, in accord with the 3D
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data (Figure 1B), neither Dio1 nor Casp7 loci exhibited E2-in-
duced interactions with TFF1 (Figure 1G).
Because of the extent of chromosomal abnormalities in MCF7
breast cancer cells, we evaluated possible hormone-induced
nuclear reorganization in primary human mammary epithelial
cells (HMECs), finding the expected TFF1:GREB1 interaction in
one or both alleles in 90% of E2-treated cells with about 50%
of the cells showing biallelic interactions at the time of analysis
(Figures 2A and 2B). To further generalize nuclear hormone-in-
duced interchromosomal interactions, we performed a similar
analysis on androgen receptor (AR)-regulated genes in LNCaP
prostate cancer cells. Based on the identification of AR target
gene promoters by ChIP-DSL, we tested a panel of AR target
genes and found another example of hormone-induced
interchromosomal interaction, which, in this case, took place be-
tween the KLK2 gene in chr 19 and the TMPRSS2 gene in chr 21
after treating the cells with the androgen agonist, DHT for 45 min
(Figures 2C and 2D). Collectively, these results demonstrate
specific interchromosome interactions in response to nuclear
hormone signaling.
Kinetics of ERa-Dependent Interchromosomal
Interactions
We next determined the kinetics of the hormonal response by
FISH analysis at 2, 5, 60, and 90 min after E2 stimulation in the
primary breast epithelial cells. Assuming immediate fixation,
we found that, even at 2 min, the earliest time point evaluated,
chr 2 and 21 were induced to ‘‘kiss,’’ with the interactions be-
tween TFF1 and GREB1 reaching high levels at 5 min (Figures
2E, S3A, and S3B). We observed a similar kinetics with another
pair of interchromosomal interactions (e.g., PDZK1 in chr 1 and
GREB1 in chr 2; Figures S3C–S3E).
To determine whether all E2-regulated genes ‘‘converged’’ to
interact with one another in a single domain of the nucleus, we
simultaneously assayed a collection of ERa-targeted promoter/
enhancer pairs from different chromosomes (chr 1, 2, 6, 14, 20,
and 21), including a series of interactants on chr 21, by FISH in
normal breast epithelial cells, and a non-ERa-binding control,
which corresponds to an intronic sequence in the PDE9A1
transcription unit (see Figures 2F and S1A). While each of the
chr 21 loci ‘‘collapsed’’ into a single spot upon E2 stimulation
(Figure S4), the remaining chromosomal regions, also recorded
TRin distinct nuclear locations in unstimulated cells, exhibited an
E2-induced convergence of these ERa target genes to 7 to 8
foci, with the PDE9A1 intronic control region exhibiting the
two remaining green signals (Figure 2F). Together, these find-
ings suggest that different E2-regulated gene sets are engaged
in distinct interchromosomal interaction networks in the
nucleus.
Requirement for ERa-Dependent Interchromosomal
Interactions
Having established the rapid, signal-dependent gene repartition-
ing in the nucleus, we next determined whether the observed nu-
clear organization is a requirement for or a consequence of hor-
mone-regulated gene expression. Treatment of the normal
breast epithelial cells with a-amanitin at a concentration suffi-
cient to inhibit gene transcription prevented all E2-dependent in-
terchromosomal interactions (Figures 3A, S5A, and S5B).
The observed chromosome pairing was apparently dependent
on ERa binding, because a specific siRNA, proven to effectively
knockdown ERa (Garcia-Bassets et al., 2007; Perissi et al.,
2004), blocked the E2-induced GREB1:TFF1 interactions (Fig-
ure 3B). As an independent test for the requirement of ERa
binding in these events, we took advantage of the observation
that siRNA against FoxA1 eradicates ERa binding and E2-depen-
dent gene activation (Carroll et al., 2005; Laganiere et al., 2005).
Indeed, we found a complete loss of E2-dependent interactions
between GREB1 and TFF1 in response to FoxA1 inactivation
(Figure 3B). These results establish the requirement for nuclear
receptor binding in mediating the observed interchromosomal
interactions.
To further investigate whether specific exchange of ERa coac-
tivators was required, we performed single-cell nuclear microin-
jection using specific siRNAs (Figures S5C–S5E) or blocking
antibodies against several specific coactivators as previously
established (Perissi et al., 2004; Garcia-Bassets et al., 2007). In-
activation of CBP/p300 (Figure 3C) or the p160 coactivator
SRC1/pCIP (Figure 3D) with siRNAs or with short periods of intra-
nuclear antibody injection abolished the E2-dependent
TFF1:GREB1 interactions. Injection of blocking antibody against
the P220/PBP component of the mediator complex (Perissi et al.,
2004) or siRNA against PBP also effectively inhibited
TFF1:GREB1 interactions in E2-treated cells (Figure 3E). Finally,
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(A) Diagram of the 3D technology. The initial steps are identical to the established 3C technology. A key extension is DNA capturing by using a specific biotinylated
oligonucleotide followed by DNA selection and ligation to detect cocaptured DNA fragments in a high-throughput and unbiased fashion. Specific signals were
identified based on relative enrichment of DNA fragments linked by ligase in comparison to those from the parallel minus ligase control under an extensive dilution
condition.
(B) Specific interchromosomal interactions predicted by 3D. Three of the nine assessed chromosomal intervals are shown, plotting the location of AcH3K9, an
activation mark (red), as well as signal enrichment in 3D assay (blue) at the GREB1 locus (chr 2). Two negative controls (CASP7 in chr 10 and DIO1 in chr 1) show
significant levels of AcH3K9 but no 3D signal.
(C) 3C validation of the detected interchromosomal interaction predicted by 3D between TFF1 enhancer (chr 21) and GREB1 promoters (chr 2) in mock-treated
and E2-induced (60
0) HMECs in which only the sample treated with E2 shows a strong interaction. The panel on the right shows the primer efficiency obtained on
randomly ligated BAC controls. The location of the 3C primers for GREB1 is indicated below the 3D signal track in (B).
(D) Confirmation of the interchromosomal interaction by FISH and chromosome paints. Upper panel shows both gene loci and their respective chromosomal
locations in aqua under no hormonal treatment; the lower panel shows the nuclear reorganization caused by 600 E2-treament in MCF7 cells, exhibiting chr 21
and chr2. kissing events. The data shown portray biallelic interactions.
(E) Confirmation of the interchromosomal interaction by 3D-FISH.
(F) ANONA analysis of 3D FISH signals. Statistical analysis of loci distances measured in both treated and untreated samples: **denotes p < 0.001.
(G) Negative controls showing the lack of colocalization of both alleles of DIO1 and CASP7 with TFF1 before and after E2 treatment.
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Figure 2. Rapid Induction of Interchromosomal Interactions by Nuclear Hormone Signaling
(A) E2-induced TFF1/GREB1 interchromosomal interactions in normal breast epithelial cells.
(B) ANOVA analysis of loci distances measured in both treated and untreated samples, illustrating both mono- and biallelic interactions. **p <0.001.
(C) DHT/androgen receptor (AR)-induced interchromosomal interactions in LNCaP prostate cancer cells between KLK2 (chr 19) and TMPRSS2 (chr 21).
(D) ANOVA analysis of loci distances measured in both treated and untreated samples, again exhibiting both mono- and biallelic interactions between KLK2/
TMPRSS2. **p < 0.001.
(E) Kinetics of nuclear receptor-dependent movement of chromosome territories (CTs). The percentage of cells showing mono- and biallelic interactions was
separately calculated in comparison with noninteracting cells. **p < 0.001.
(F) Convergence of multiple ERa target genes from six distinct chromosomal loci into distinct hubs upon E2 treatment. The two separate green signals that did not
colocalize upon E2 treatment correspond to the intronic sequence of the nonregulated gene, PDE9A.
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recently been shown to be essential for E2-dependent gene ac-
tivation (Garcia-Bassets et al., 2007). Unexpectedly, we ob-
served that, while LSD1 siRNA blocked E2-induced expression
ofGREB1 and TFF1, it had little effect on the E2-dependent inter-
chromosomal interactions between the two genes (Figure 3F).
Together, these findings suggest that the E2-dependent inter-
chromosomal interactions require both the liganded estrogen re-
ceptor and a subset of the serially recruited coactivators, but not
all associated factors that are required for E2/ERa-induced tran-
scriptional activation, such as LSD1. Therefore, the observed
E2-induced interchromosomal interactions reflect a requirement
for, rather than a consequence of, regulated gene transcription.
Actin/Nuclear Motor-Directed Chromosomal
Movements
The observed interchromosomal interactions between TFF1 and
GREB1 are clearly nonrandom events because we did not detect
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estimate a movement of 0.1–0.9 mm/min over a distance of
1–5 mm, in excess of the smaller, saltatory movements of
< 0.2 mm that occur every 1–2 s, an average Brownian motion
value (Gunawardena and Rykowski, 2000). Given the relatively
rapid kinetics of the E2-induced chromosomal movement, we in-
vestigated whether an actin-dependent mechanism might be in-
volved. Nuclear actin has been shown to associate with many
transcriptional complexes and reported to play an important
role in transcriptional activation, particularly in yeast (Hofmann
and de Lanerolle, 2006; Percipalle and Visa, 2006). While there
is no filamentous actin in the nucleus, we detected oligomerized
G-actin with a specific monoclonal antibody (Gonsior
et al., 1999) in the nucleus of normal breast epithelial cells
(Figure S5F).
Treatment of E2-stimulated breast epithelial cells with latrun-
culin, a well-characterized drug that blocks actin polymerization
(Rizk and Walczak, 2005) caused a complete loss of E2-induced
Figure 3. Requirement of ERa and Coactivators for Interchromosomal Interaction prior to Gene Activation
(A) Inhibition of transcription by a-amanitin (Ama) prevents E2-induced interchromosomal interactions.
(B) The requirement for ERa and FoxA1 for E2-induced interchromosomal interactions as established by nuclear injection of specific siRNAs as indicated.
(C–E) Nuclear microinjection of siRNA and antibody against CBP/p300, SRC/pCIP, and PBP prevents E2-induced interchromosomal interactions.
(F) Nuclear microinjection of siRNA and antibody against LSD1, which was previously shown to be required for estrogen-induced gene expression, had no effect
on E2-induced interchromosomal interactions. **p < 0.001.ET
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nolide, an agent known to inhibit depolymerization of actin net-
works (Holzinger, 2001), similarly abolished the E2-induced
TFF1:GREB1 interactions (Figures 4A and S5G). Importantly,
both treatments also blocked the activation of the ERa target
genes (Figure S5G). Together, these data strongly suggest that
interchromosomal interactions require dynamic actin reorgani-
zation. Single-cell nuclear microinjection of neutralizing anti-
bodies against the actin-related proteins, ARP2/3, which are
instrumental in the formation of actin branches (Higgs and
Pollard, 2001), or inactivation of their transcripts by specific
siRNAs (Figures S5C–S5E), all caused a complete loss of the
E2-induced TFF1:GREB1 interchromosomal interactions as
R well as their expression (Figures 4B and S5G). These observa-tions strongly implicate the nuclear actin in mediating E2-dependent chromosomal movements and interchromosomal
interactions.
We next used the single-cell nuclear microinjection assay to
determine the potential requirement for nuclear myosin-I (NMI)
(Hofmann et al., 2006), finding that the antibodies against myo-
sin-I blocked E2-induced TFF1:GREB1 interactions (Figure 4C).
Immunohistochemical analysis confirmed nuclear localization of
the injected IgG for Arp2/3 and NMI (Figure S6), strongly
suggesting a direct functional requirement for myosin-I in
the nucleus, rather than as an indirect effect of disrupted cyto-
skeleton. Similarly, we found that a specific siRNA againstCell 132, 996–1010, March 21, 2008 ª2008 Elsevier Inc. 1001
Myosin-I abolished the E2-induced TFF1:GREB1 interactions
(Figure 4C).
A recent report indicates that the DLC1 directly interacts with
the liganded ERa (Rayala et al., 2005). We therefore examined
whether DLC1 might be required for the E2-induced interchro-
mosomal interactions using the single-cell nuclear microinjec-
tion assay. Indeed, depletion of DLC1 by siRNA (Figure S5C)
effectively abolished the GREB1:TFF1 interchromosomal inter-
actions in the E2-treated primary breast epithelial cells
(Figure 4D). These observations strongly indicate that a factor
that is often a component of the dynein complex is probably
serving as a critical link between DNA-bound ERa and the
actin-based motor to mediate E2-dependent chromosomal
movements. Disruption of the nuclear actin system by siRNA
did not cause aberrant recruitment of ERa or its coactivators
such as CBP/p300 to the TFF1 promoter (Figure 4E).
Finally, we tested a number of actin-fold proteins, finding that
BAF53, BAF57, and BAF170 were also required for the E2-de-
pendent interchromosomal interactions between TFF1 and
Figure 4. The Nuclear Actin/Myosin Machinery Is
Required for Long-Distance Chromosomal Inter-
actions
(A) Chemical disruption actin polymerization with latruncu-
lin (LA) and prevention of actin depolymerization by jaspla-
kinolide (JP), impaired E2-induced interchromosomal in-
teractions.
(B–D) Nuclear microinjection of siRNA or antibody against
the actin-related protein, ARP2/3; nuclear myosin I (NMI)
or DLC1 abolished E2-induced interchromosomal interac-
tions. **p < 0.001.
(E) ChIP analysis demonstrates that disruption of nuclear
ARP2/3 does not affect the recruitment of ERa and critical
coactivators to the TFF1 promoter. Error bars represent
variation among three independent qPCR analysis of
ChIPed DNA in each case.
GREB1 (Figures 5A–5C and S5D and S5E).
These findings are consistent the association
of nuclear G-actin with a number of chromatin-
remodeling complexes (Olave et al., 2002). In
contrast, inactivation of BAF155 by either
RNAi or antibody injection had no effect on the
TFF1:GREB1 interactions (Figure 5D) or E2 in-
duction of these genes (Figure 5E), analogous
to the finding for the glucocorticoid receptor
(GR), which interacts directly with some
BRG1-associated factors, but not with
BAF155 (Hsiao et al., 2003).
Functional Requirements for Induced
Interchromosomal Interactions
In concert with the potential functional impor-
tance of hormone-induced movement and in-
terchromosomal interactions, we found that la-
trunculin and specific siRNAs against ARP2/3,
DLC1, and BAF53, all of which effectively de-
creased their specific target transcripts (Figures
S5C–S5E), blocked E2-induced activation of
TFF1 and GREB1 gene expression, but not the expression of
house-keeping genes examined, including genes encoding
18S RNA, b-actin, as well as TBP and GAPDH (Figures 6A–6C
and S7A).
Because 50% of cells exhibit monoallelic interactions between
chr 2 and 21, we could ask whether the transcription of gene loci
engaged in the interchromosomal interactions was enhanced
compared to noninteracting alleles in the same cells by perform-
ing simultaneous RNA and DNA FISH (Lomvardas et al., 2006).
Using probes designed to span exon-exon junctions, we demon-
strated the specificity by performing RNA FISH without melting
DNA and confirmed that RNA probes did not record following
the RNase A treatment (Lomvardas et al., 2006). Following
RNA FISH, DNA was heat-denatured, and DNA FISH was per-
formed using probes targeting a distinct noncoding region in
DNA. By determining the volume of the RNA signals for each
transcript, we were able to quantify the level of transcription
associated with interacting and noninteracting alleles before
and after the E2 treatment. We found that E2 induced modest
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Figure 5. Involvement of Actin-Binding Proteins and Chromatin-Remodeling Subunits
(A–C) Nuclear microinjection of siRNA or antibody against actin fold proteins, such as BAF53, BAF57, and BAF170 prevented E2-induced interchromosomal
interactions.
(D and E) Nuclear microinjection of siRNA and antibody against BAF155 had no effect on E2-induced interchromosomal interactions and expression of ERa target
genes. Error bars represent variation among three independent qPCR analyses of ChIPed DNA in each case.
RA
CT
EDactivation of TFF1 and GREB1 expression from the noninteract-
ing allele, but full activation from the interacting alleles (Figures
6D and 6E), therefore indicating the functional significance of in-
terchromosomal interactions. Because these results indicate
that the noninteracting allele is still ‘‘active,’’ rather than com-
pletely silenced, one interpretation is that both alleles may be
equally competent in transcriptional activation, but at a given
moment, one or both are recorded for engaging in interchromo-
somal interactions, giving rise to the observed mix of mono- and
biallelic interactions in E2-treated cells, reflecting the dynamic
nature of the interchromosomal interactions.
We next tested the importance of the myosin motor in these
events by taking advantage of the established mutations that im-
pair actin binding (e.g., R353C) or the ATPase activity (e.g.,
S397L) in the nuclear myosin-I ‘‘head’’ (Croft, et al., 1999;
Wang et al., 2003). In these experiments, we coinjected the
blocking antibody against NMI and the plasmid-expressing
wild-type or mutant murine NMI to determine whether the motor
RE
Tfunction of nuclear myosin-I is critical for E2-induced interchro-
mosomal interactions. We found that the interchromosomal in-
teractions abolished with anti-NMI IgG could be restored using
the expression vector-expressing wild-type, but not mutant
NMI defective in actin binding or lacking ATPase activity (Figures
6F and 6G). This finding is in agreement with a recent report
showing that NMI is required for transcription activation-induced
DNA looping out of the nuclear territory (Chuang et al., 2006). To-
gether, these data support the idea of an active mechanism for
chromosome movements that is dependent, directly or indi-
rectly, on the actin/myosin-based motor system in the nucleus.
Interchromatin Granules: Hubs for Interchromosomal
Interactions?
The actin-based, motor-driven interchromosomal interactions
suggest that the interaction zones may be nonrandomly distrib-
uted in the nucleus, suggesting a possible spatial relationship
with interchromatin granules, commonly known as nuclearCell 132, 996–1010, March 21, 2008 ª2008 Elsevier Inc. 1003
Figure 6. Enhanced Gene Expression Resulting from Interchromosomal Interactions and the Requirement for Functional Nuclear Myosin I
(A–C) Nucleoskeletal requirement for E2-induced expression of ERa target genes, but not housekeeping genes. Cells were treated with siRNAs against DLCI,
ARP2/3, and BAF53, and the expression of specific genes as indicated were quantified by RT-qPCR. Error bars represent variation among three independent
analyses in each case.
(D) RNA:DNA FISH demonstrates the requirement for interchromosomal interactions to achieve enhanced, E2-induced gene expression.
(E) Quantification of gene expression from noninteracting and interacting alleles (Allele1, A1; Allele2, A2). Cells exhibiting mono- and biallelic interactions are sep-
arately quantified based on the diameter of individual signals, which were then converted to volumes as measures of gene expression. Error bars represent var-
iations observed with 100 cells.
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speckles, which are enriched with several key transcriptional
elongation factors, chromatin-remodeling complexes, and es-
sentially all factors required for pre-mRNA splicing (Lamond
and Spector, 2003; Saitoh et al., 2004). To test this hypothesis,
we determined colocalization between ImmunoFISH probes
and the splicing factor SC35, a marker for nuclear speckles (Fu
and Maniatis, 1990). In mock-treated primary breast epithelial
cells, the position of the TFF1 and GREB1 foci were entirely dis-
tinct from SC35-positive speckles. Upon E2 treatment, however,
the two colocalized TFF1/GREB1 foci became intimately associ-
ated with two of the SC35-positive speckles in nearly all cell nu-
clei (Figure 7A). The colocalization was further confirmed with
a three-dimensional immunoFISH analysis (Figure 7F).
We next examined whether different ERa gene targets, which
were found to localize in multiple chromosomal interacting hubs
(Figure 2F), would be present in distinct nuclear speckles. We
mixed either 6 or 20 probes from 6 distinct chromosomes (chr
1, 2, 6, 14, 20, and 21) for FISH analysis in conjunction with stain-
ing with anti-SC35, finding that all ERa target genes became co-
localized with distinct nuclear speckles in the presence of E2,
with the only exception for the two alleles of a nonregulated in-
tronic control (Figure 7B). These observations suggest that either
the E2-induced gene network triggers the de novo formation of
nuclear speckles on the E2-induced genes, or the interacting
ERa target genes join pre-existing nuclear speckles. We favor
the latter possibility because the E2-induced interchromosomal
interactions occur in 2–5 min, whereas the de novo formation
of a nuclear speckle on an induced gene normally takes 10–30
min (Misteli et al., 1997).
Because the interchromosomal interactions between TFF1
and GREB1 depend on nuclear actin, we further demonstrated
that blocking actin oligomerization with latrunculin or actin depo-
lymerization with jasplakinolide impaired the association of the
interacting loci with nuclear speckles (Figure 7C). Furthermore,
siRNAs against DLC1, BAF53, ARP2, NM1, or G-actin all simi-
larly blocked the colocalization of the FISH probes with nuclear
speckles (Figures 7D and S7B). Furthermore, in cells exhibiting
monoallelic interactions, interacting loci, but not noninteracting
loci, exhibited speckle association (Figure S7C), consistent
with enhanced gene expression from interacting loci (Figure 6D).
Finally, because LSD1 siRNA was able to block E2-dependent
transcription of the TFF1 and GREB1 transcription units, but not
their interchromosomal interactions, we investigated whether
there might be an effect on coalescence with the nuclear
speckles. Intriguingly, depletion of LSD1 by specific siRNA pre-
vented the TFF1/GREB1 hub from interacting with nuclear
speckles (Figures 7F, 7G, and S13). In concert with our previous
observation that LSD1 siRNA decreased, but did not abolish ERa
recruitment (Garcia-Bassets et al., 2007), we detected only
a modest reduction in the recruitment of coactivators, such as
CBP/p300, to ERa target genes in response to E2 (Figure 7H). To-
gether, these results suggest a ‘‘two-step’’ mechanism for coor-
RE
TRdinated regulation of gene expression from different chromo-
somes: The first step is the establishment of specific
interchromosomal interactions, which require binding of both
ERa and various coactivators, but not LSD1. The second step
promotes the association of interacting loci with nuclear
speckles, a step that requires the specific histone demethylase,
LSD1. Together, these findings revealed an unexpected role
of LSD1 in exerting a key regulatory function in linking trans-
criptional initiation and cotranscriptional RNA processing
events that are critical for full enhancement of E2-induced gene
expression.
DISCUSSION
Our findings reveal a previously unappreciated role of liganded
nuclear receptors in rapid initiation of interchromosomal interac-
tions, causing interactive hubs in multiple distinct nuclear do-
mains, which is functionally linked to ligand-dependent en-
hancement of gene transcription. Nuclear receptor-mediated
recruitment of coactivators initiates the facilitated movement of
chromosomes that requires actions of the nuclear motor ma-
chinery. Ligand-induced physical connections between interact-
ing interchromosomal hubs and the interchromatin granules
(nuclear speckles) provide evidence for a dynamic nuclear archi-
tecture that may be required for integration of regulated gene
transcription and RNA-processing programs (Figure 7I). Based
on independent experimental approaches, we conclude that,
for a specific cohort of the E2/ERa regulated genes, these events
are critical for enhanced gene expression. Further, these events
represent at least a ‘‘two-step’’ program, with a specific ‘‘his-
tone’’ lysine demethylase, LSD1, serving a required function in
permitting ‘‘hub’’:interchromatin granule interactions. These
findings provide new perspectives for the rapid, regulated reor-
ganization of the nucleus, and are in accord with the role of actin
in Pol II and coactivator complexes (Bettinger et al., 2004; Perci-
palle and Visa, 2006), and with recent ideas about roles of inter-
chromosomal interactions in gene transcription (Carter et al.,
2002; Tolhuis et al., 2002; Osborne et al., 2004; Branco and
Pombo, 2006.).
Hormone-Regulated Long-Distance Chromosomal
Interactions
Taking advantage of the identification of target genes for specific
nuclear receptors genome-wide (Bourdeau et al., 2004; Vega
et al., 2006; Carroll et al., 2006; Kwon et al., 2007), we now
document a surprising network of ligand-dependent intra- and
interchromosomal interactions, which is in contrast to linear,
pair-wise promoter/enhancer interactions often envisioned for
regulated transcriptional activation. While nuclear territories
have been suggested to be largely immobile in interphase nuclei,
chromosome motility has been observed in yeast, flies, and
mammalian cells (Gasser, 2002; Chuang et al., 2006). Our
AC
TE
D(F) The requirement for the actin binding and ATPase activity of nuclear myosin I in mediating E2-induced interchromosomal interactions. Cells injected with an-
tibody against NMI were coinjected with the plasmid expressing either wild-type or mutant NMI containing specific mutations in the myosin ‘‘head,’’ which were
previously shown to be critical for acting binding (R353C) and ATPase activity (S497L) of the motor protein.
(G) Quantitative analysis of the rescue by wild-type and mutant NMI. **p < 0.001. The data for aNMI were based on coinjection of neutralizing antibody along with
the plasmid expressing the wild-type NMI.Cell 132, 996–1010, March 21, 2008 ª2008 Elsevier Inc. 1005
Figure 7. Nuclear Speckles Are Hubs for Interchromosomal Interactions
(A) ImmunoFISH showed TFF1/GREB1 interactions (purple/green as indicated by arrows) coincident with the splicing factor SC35, a marker for nuclear speckles
in cells treated with E2. Additional examples are provided in supplemental Figure S13.
(B) A similarly designed immunoFISH experiment as in (A), but now using FISH probes for six ERa-regulated promoters on different chromosomes (all stained
green; chr 1 PDZK1, chr 2 TGFA, chr 14 FoxA1, chr 15 SCL27A2, chr 20 WISP2, and chr 21 STCH), and one nonregulated gene intronic region (chr 21
PDE9A1) as a control.
(C) Chemical disruption or stabilization of actin by treatment with LA or JP prevents the association of interacting loci with nuclear speckles.
(D) Nucleoskeletal components are required for the interactions between TFF1/GREB1 and nuclear speckles in E2-treated cells. **p < 0.001.
(E) LSD1 is required for the association of chromosomal interaction hubs with nuclear speckles. Microinjection of siRNA against LSD1 abolished the localization
between interacting loci in nuclear speckles.
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observations argue for a surprising plasticity and rapid regulation
of chromosome territories in the mammalian nucleus, a general
strategy likely to be used by many signaling pathways (Dillon,
2006).
We have established that the observed interchromosomal in-
teractions occur rapidly (2–5 min) following the addition of ligand,
nucleated by the binding of liganded nuclear receptors to their
cognate DNA sites. We also found that a number of coactivators,
including CBP/p300, the p160 factors, and components of the
mediator complex, are required for interchromosomal interac-
tions. Surprisingly, while LSD1 is necessary for effective
ligand-induced gene activation (Garcia-Bassets et al., 2007;
Metzger et al., 2005; Shi et al., 2005), it proved not to be required
for E2-induced interchromosomal interactions. An intriguing
aspect of the interchromosomal interactions is that E2 induces
interactions between the target-gene regions in chr 2 and 21,
but neither chr 2:chr 2 nor chr 21:chr 21 interactions were
observed. The molecular basis for this remains unknown, but
implies a clear identification code for chromosomes in the
interphase nucleus.
Nucleoskeletal Requirements for E2-Induced
Interchromosomal Interactions
The rapidity of the observed interaction events and the physical
distances involved suggests the involvement of an active motor
rather than simple Brownian motion. While the existence of a pu-
tative motor system in the nucleus has remained controversial
for many years, increasing evidence suggests that nuclear actin
and myosin I (NMI) are present in the nucleus and hence might be
actively involved in gene transcription (Hofmann et al., 2006; Per-
cipalle and Visa, 2006). Indeed, we found that pharmacological
inhibition of actin dynamics effectively blocked E2-induced inter-
chromosomal interactions.
While the role of NMI has been implicated in gene expression
(Pestic-Dragovich et al., 2000; Percipalle and Farrants, 2006;
Hofmann et al., 2006; Kahle et al., 2007), here we provide clear
evidence that NMI is necessary for E2-induced interchromo-
somal interactions, and the requirement for NMI is dependent
upon its motor function, as mutants blocking its actin binding
or ATPase activity abolished NMI-dependent interchromosomal
interactions in the nucleus. Taking advantage of a high percent-
age of normal breast epithelial cells in which only one set of al-
leles exhibit interchromosomal interactions at the time exam-
ined, we were able to perform simultaneous DNA and RNA
FISH, revealing two interesting aspects of regulated interchro-
mosomal interactions. First, both alleles appear competent to
respond to E2 with an increased expression of the encoded
transcripts. Second, the interacting chromosomal pairs exhibit
a further enhancement of target gene expression in accord
with our current view of gene-enhancer function.
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appears to be connected to the actin motor via its direct interac-
tion with coactivators and the DLC1 (Rayala et al., 2005). It is thus
tempting to speculate that DLC-1, capable of direct interactions
with ERa, serves as a bridge through which the nuclear receptor-
bound DNA may be connected to the putative nuclear actin/
myosin motor machinery. This proposed role of nuclear actin is
consistent with its proposed role in the regulation of cofactor
transport (Vartiainen et al., 2007). Components in the machinery,
including G-actin and actin-fold components, such as BAF53
and BAF170 of the Brg1 complex known to interact with ERa,
may mediate specific interchromosomal interactions in an
ATP-dependent manner. Interestingly, while multiple target
genes may come into a close contact to achieve a coordinated
response to hormone stimulation, they clearly do not ‘‘collapse’’
into a single nuclear domain; rather, they appear to form net-
works in multiple interactive hubs, suggesting an architectural
determinant for regulated gene expression in the nucleus.
LSD1 Is Functionally Required for Interchromosomal
Hub:Nuclear Speckle Interactions
While simple organisms, such as yeast, may organize their nu-
cleus to facilitate a series of gene-expression events, higher eu-
karyotic cells seem to have partitioned their nucleus into various
subdomains (Spector, 1993). Strikingly, the dynamic E2-depen-
dent, ERa-mediated interchromosomal interactions have proven
to coincide with a previously described nuclear substructure,
interchromatin granules, commonly referred to as nuclear
speckles. Interchromatin granules have been long considered
to be ‘‘storage’’ sites for splicing factors and a subset of the tran-
scriptional machinery (Singer and Green, 1997) because they do
not correspond to sites where nascent transcripts are localized
and pre-mRNA splicing could certainly take place outside nu-
clear speckles. However, these nuclear domains are enriched
with phosphorylated Pol II, several transcriptional elongation
factors such as P-TEFb, key chromatin-remodeling complexes
such as SWI/SNF, and essentially all components of the splicing
machinery (reviewed in Lamond and Spector, 2003).
Surprisingly, LSD1 is required for these interchromosomal
hubs to associate with interchromatin granule, revealing that
there are at least two distinct regulatory ‘‘steps’’ mediated by dis-
tinct enzymes. The data we report in this manuscript suggest that
interchromatin granules are dynamic hubs for transient chromo-
somal interactions in the nucleus for specific, regulated gene
transcriptional programs, in a sense serving as a specialized
‘‘nuclear factory.’’ Indeed, we found that interchromatin granules
rapidly disappear on general inhibition of gene transcription,
suggesting that they actually require active interactions with
transcription units for their formation/maintenance. Thus, for
hormone-induced genes, the detected interchromosomal
AC
TE
D(F) 3D FISH further demonstrated the requirement of LSD1 for association with nuclear speckles. Arrows indicate the location of GREB1/TFF1 hubs.
(G) Percent of cells exhibiting speckle association in response to control and specific siRNA against LSD1. **p < 0.001. Error bars represent variation among three
independent colocalization experiments.
(H) ChIP assay on the TFF1 promoter, demonstrating a decreased but still clearly inducible recruitment of ERa coactivators CBP/p300 in cells treated with siRNA
against LSD1. Error bars represent variation among three independent qPCR analyses of ChIPed DNA.
(I) Proposed model of actin/myosin1/DLC1-dependent chromosomal movement and interactions with nuclear speckles in response to the nuclear hormone
signaling.Cell 132, 996–1010, March 21, 2008 ª2008 Elsevier Inc. 1007
interactions in interchromatin granules may play an important role
in coordinated and enhanced regulation of gene expression by
permitting efficient coupling of transcriptional initiation, elonga-
tion, and RNA processing events. While raising many fundamen-
tal questions with regard to the nuclear architectural basis for
many other coordinated transcriptional events, our data, which
have revealed the requirement of an actin-based nuclear motor
for hormone-induced interchromosomal interactions, have es-
tablished a framework towards further understanding of regu-
lated gene expression.
EXPERIMENTAL PROCEDURES
Cell Culture
MCF7 cells were cultured in MEM supplemented with 10% FBS in a 7% CO2
humidified incubator. Primary normal human epithelial cells (HMEC) were from
Lonza Bioproducts (CC-2651) and cultured using the media and protocol pro-
vided by the supplier. Prior to induction, cells of 60% confluency were hor-
mone deprived for 4 days in phenol-free media plus charcoal-depleted FBS,
synchronized for 2 hr by treating cells with 2.5 nM a-amanitin and then induced
with 100 nM 17b-estradiol (E2) (Sigma) for 60 min.
ChIP-DSL, 3D, and 3C Assays
Genomic tiling by ChIP-DSL was previously described (Garcia-Bassets et al.,
2007; Kwon et al., 2007). Two anti-ERa antibodies (HC-20 and H-184, Santa
Cruz Biotechnology) were combined for ChIP analyses.
The 3D assay began with the conventional 3C assay after restriction diges-
tion with BamH1 and BglII using the procedure identical to that previously de-
scribed for mammalian cells (Vakoc et al., 2005). Details of this new assay are
presented in the Supplemental Experimental Procedures (Figure S10).
DNA ImmunoFISH
The cells were processed for FISH essentially as described (Cai and Kohwi-
Shigematsu, 1999) except that oligonucleotide probes labeled with specific
haptens were used as listed in Figure S11A. For triple-labeled FISH, probes
to promoter regions were labeled at the 50 position with digoxigenin (DIG)
and probes to enhancer regions were labeled with either Biotin (Bio) or Fluores-
cein (FITC). For double-labeled FISH, promoters were labeled with Bio and en-
hancers with FITC. After hybridization, specific probes were detected by using
a mix of quantum dot (Qdot)-conjugated antibodies in 1:200 dilution (sheep
anti-DIG Fab fragment primary antibody-conjugated with Qdot 655, streptavi-
din-conjugated with Qdot 605, and goat anti-FITC whole IgG primary anti-
body-conjugated with Qdot 525, all from Invitrogen). For a complete list of
antibodies used in this study please refer to Figure S12.
Single-chromosome paint probes were commercially acquired from Applied
Spectral Imaging (Vista). Each probe was custom labeled with different fluoro-
phores: chr 1 (1-585-605), chr 2 (1-585-606), and chr 21 (1-585-649) in aqua,
red, and green, respectively. Hybridization and detection protocols were per-
formed as recommended by the manufacturer. Data acquisition and analysis
are described in the Supplemental Experimental Procedures.
RNA/DNA FISH
RNA FISH was performed with modification of published techniques (CSH
Protocols; 2007-prot4763). All reagents were RNase-free. Cells were prepared
as previously described (Cai and Kohwi-Shigematsu, 1999) with the addition of
a dehydration step by means of an ethanol series to 100% ethanol. Sequence
of the specific oligo probes used is provided in Figure S11. Slides were
washed, and signal was detected with Q-dot antibodies as previously de-
scribed. Slides were treated with RNAse A before signal detection as a control.
For overlaying DNA FISH, slides were washed in 43 SSC/0.1% sodium dode-
cylsulfate (SDS) to remove mountant, dehydrated, denatured, dehydrated
again, and hybridized at 37C overnight to DNA probes labeled opposite of
the RNA label. Slides were washed stringently, and probe was detected as
above.
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Single-cell antibody microinjection experiments were performed as described
(Perissi et al., 2004). The antibodies used are listed in Figure S12. These
siRNAs were purchased from Qiagen (Valencia, CA); each of which was cus-
tom designed and validated.
Pharmacological Treatment of Cells
Transcription was inhibited by treating cells for 1 hr with 100 nM a-amanitin
(Sigma). Actin depolymerization was induced with latrunculin A (LA), which is
known to specifically cap actin monomers, whereas actin stabilization was
stimulated by jasplakinolide (JP), which binds F-actin and prevents depoly-
merization. These drugs (gift of J. Dura´n and V. Malhotra) were suspended
in DMSO as a 10003 stock and applied to cultured cells at the final concentra-
tion of 1 mM as described (Bubb and Spector, 1998). Nuclear actin was de-
tected by using a monoclonal antibody (2G2) (Progen).
SUPPLEMENTAL DATA
Supplemental Data include 13 figures, Supplemental Experimental Proce-
dures, and Supplemental References and can be found with this article online
at http://www.cell.com/cgi/content/full/132/6/996/DC1/.
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